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PEarly Prediction of Infarct Size by Strain
Doppler Echocardiography After Coronary Reperfusion
Trond Vartdal, MD,* Harald Brunvand, MD, PHD,* Eirik Pettersen, MD,*
Hans-Jørgen Smith, MD, PHD,† Erik Lyseggen, MD, PHD,* Thomas Helle-Valle, MD,*
Helge Skulstad, MD, PHD,* Halfdan Ihlen, MD, PHD,* Thor Edvardsen, MD, PHD*
Oslo, Norway
Objectives The objective of this study was to investigate whether strain Doppler echocardiography performed immediately
after revascularization by percutaneous coronary intervention could predict the extent of myocardial scar, deter-
mined by contrast-enhanced magnetic resonance imaging (MRI).
Background There is considerable variability in survival rate after percutaneous coronary intervention, and accurate early risk
stratification is therefore of major clinical importance.
Methods Thirty individuals with acute anterior myocardial infarction were examined with longitudinal strain by Doppler
1.5 h after revascularization. The extent of scarring 9 months later was analyzed by MRI in 16 corresponding
myocardial segments. Strain in all left ventricular segments was averaged to obtain a global value. Infarct size
was estimated by clinical parameters and cardiac markers.
Results A good correlation was found between the global strain and total infarct size (R  0.77, p  0.00001). A multi-
variate regression analysis showed that global peak strain and serum glutamic oxaloacetic transaminase corre-
lated with the infarct size measured by MRI (p  0.0001 and p  0.001, respectively). Furthermore, a clear
inverse relationship was found between the segmental strain and the transmural extent of infarction in each
segment (R  0.67, p  0.0001).
Conclusions This study demonstrates that assessment of regional and global strain at 1.5 h after reperfusion therapy corre-
lates with size and transmural extent of myocardial infarction as determined by contrast-enhanced MRI. The
novel global strain parameter is a valuable predictor of the total extent of myocardial infarction and may there-
fore be an important clinical tool for risk stratification in the acute phase of myocardial infarction. (J Am Coll
Cardiol 2007;49:1715–21) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.12.047t
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mercutaneous coronary intervention (PCI) represents a ma-
or advance in the management of patients with acute
yocardial infarction (AMI). The widespread use and
ecurrent improvements of the PCI method have resulted in
significant reduction in early and late mortality in patients
ompared with the use of pharmacological reperfusion
herapy (1). Nonetheless, there is considerable variability in
urvival rate after PCI and, therefore, accurate early risk
tratification is of major clinical importance. The currently
vailable methods for risk assessment of mortality and
orbidity after AMI are mainly derived from thrombolysis
rom the Departments of *Cardiology and †Radiology, Rikshospitalet University
ospital, University of Oslo, Oslo, Norway. Drs. Vartdal, Lyseggen, and Helle-Valle
ere recipients of a clinical research fellowship from the Norwegian Council on
ardiovascular Diseases, and Dr. Pettersen was a recipient of a clinical research
ellowship from the Norwegian Research Council.r
Manuscript received September 25, 2006; revised manuscript received December
2, 2006, accepted December 19, 2006.rials; therefore, their applicability in the PCI setting is
ncertain.
Assessment of infarct size is important in risk stratifica-
ion (2,3). This assessment can be achieved by biochemical
4), by electrocardiographic methods (5,6) or by imaging
odalities, such as scintigraphy (7), grayscale echocardiog-
aphy (8), wall motion score index (WMSI) (9), and
ontrast-enhanced magnetic resonance imaging (MRI)
10). When using MRI, one can quantify the extent of
yocardial scarring after myocardial infarction with great
ccuracy (11–14). However, the use of MRI in the acute
hase of AMI is limited. Echocardiography is more easily
vailable and feasible technique in the acute setting.
The use of strain by Doppler quantifies regional myocar-
ial deformation and can demonstrate abnormal myocardial
unction due to ischemia (15,16). There is currently no
stablished echocardiographic method to quantify infarcted
yocardium immediately after revascularization therapy. Aecent animal experiment has demonstrated that combining
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Early Prediction of Infarct Size by Strain April 24, 2007:1715–21early systolic stretching and total
shortening after reperfusion of
myocardial infarction can distin-
guish between viable or necrotic
myocardium (17). On the basis
of these findings, we hypothe-
sized that a substantial negative
strain value measured shortly af-
ter reperfusion indicates viability
and potential for functional
recovery.
Furthermore, we hypothesized
that the average of total myocar-
dial shortening in all left ventric-
ular (LV) segments reflects the
total extent of necrotic myocar-
dium and therefore may predict
the final infarct size.
Methods
Patient population. Thirty con-
secutive patients (23 men, 7
women, 54  9 years of age)
ith first AMI in the anterior LV wall were prospectively
nrolled. All patients had typical chest pain and sustained
T-segment elevation demonstrated on electrocardiography
ECG). Patients were excluded if they had a previous
istory of myocardial infarction. Twelve (40%) of the
atients underwent a rescue procedure. The coronary an-
iography showed total (n  19) or subtotal (n  11)
cclusion of the left anterior descending coronary artery
LAD) and all underwent successful revascularization ther-
py. Seven (23%) of the patients had stenoses in 2 vessels.
one had 3-vessel disease. After angioplasty, none of the
atients had significant residual stenosis in the LAD,
hereas nonsignificant stenosis (33%) were found in 5
16%) of the patients. Thrombolysis In Myocardial Infarc-
ion flow (2.88  0.28) was lower than 3 in of 5 patients
fter reperfusion. None of the patients exhibited a no-reflow
henomenon. Only bare-metal stents were used. Patients
ith significant valve disease or arrhythmia were excluded.
he study was approved by the Regional Committee for
edical Research Ethics. All subjects gave written in-
ormed consent.
RI. Magnetic resonance imaging was performed using a
.5-T scanner (Magnetom Vision Plus, Siemens, Erlangen,
ermany) and a phased array body coil. None of the
atients had clinical evidence of recurrent coronary events in
he period between the initial admission and the MRI
canning (8.7  3.3 months after the AMI). Breath-hold
ine images with a time resolution of 35 ms were acquired.
pproximately 10 to 20 min after intravenous injection of
.1 mmol/kg gadopentetate dimeglumine, late enhance-
ent images were obtained from the long-axis views,
Abbreviations
and Acronyms
AMI  acute myocardial
infarction
CK-MB  creatine kinase
isoenzyme myocardial band
ECG  electrocardiogram
LAD  left anterior
descending coronary artery
LV  left ventricle
LVEF  left ventricular
ejection fraction
MRI  magnetic resonance
imaging
PCI  percutaneous
coronary intervention
SGOT  serum glutamic
oxaloacetic transaminase
TDI  tissue Doppler
imaging
WMSI  wall motion
score indexollowed by multiple short-axis slices covering the entire seft ventricle. A breath-hold segmented magnetization-
repared turbo gradient echo sequence was used. The
asal and midventricular short axis slices were divided into
segments, and the apical short axis slices were divided into
segments (18). In our study, findings in the apex were not
sed.
In each of the LV segments, the area of the entire
yocardium was manually drawn. Infarct was defined as
reas with pixel intensities 2 SD of the mean pixel
ntensity in normal myocardium in the same slice. In each
egment, the infarct size was calculated as percentage of the
otal segment area. The total infarct size was reported as
ercent of LV mass and in units of grams of the infarcted
yocardium.
chocardiography. Examinations were performed with a
igital ultrasonic device system (Vivid 7, GE Vingmed
ltrasound, Horten, Norway). The patients were exam-
ned within 2 h after revascularization. Tissue Doppler
maging recordings of LV were obtained from the apical
ong-axis, 4-chamber, and 2-chamber views (115  21
rames/s). A new echocardiographic study was performed
he same day as the MRI at 9 months after revascularization
121  21 frames/s). The echocardiographic recordings
ere analyzed with dedicated software (Echopac, GE Ving-
ed Ultrasound).
Left ventricular ejection fraction (LVEF) was assessed by
impson’s method from the grayscale digital recordings (8).
n our laboratory, this method has a reread variability of
2%. The WMSI was calculated from the same cine loops
s used for the strain analyses, in a standard 16-segments
odel (9,18). Strain was measured in the basal parts of each
egment with a region of interest of 6  6 mm. The strain
alue used in this study was the maximum negative strain
agnitude during systole or early diastole. The peak nega-
ive strain value measured in each segment was compared
ith the extent of delayed enhancement by MRI in the
orresponding 16 segments (Fig. 1). Furthermore, the strain
easurements from each segment were averaged to obtain a
lobal strain value for the entire LV. Two different inves-
igators unaware of each other’s results analyzed MRI and
train by Doppler measurements.
CG. Standard 12-lead ECG was obtained from all pa-
ients before and after PCI as well as the following day. The
implified Selvester score was used for an estimation of
nfarction size by ECG (5).
iochemistry. Serum was collected from each patient for
easurement of troponin I, serum glutamic oxaloacetic
ransaminase, creatine kinase-myocardial band, and myo-
lobin before PCI and at 6, 12, and 24 h after the PCI
rocedure. The peak value for each marker was used in the
tatistical analysis.
tatistical methods. Values are expressed as mean  SD.
he acute global strain measurements were compared with
MSI, LVEF, ECG, biochemical markers, time to reper-
usion, extent of coronary disease, residual diameter steno-
is, and infarct size estimated by MRI using regression
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April 24, 2007:1715–21 Early Prediction of Infarct Size by Strainnalyses. We performed a multivariate regression analysis to
nd the best method for estimating final infarct size, using
RI as the reference method. Myocardial segments were
ivided in groups based on the transmural extent of infarc-
ion, and peak negative strain values between groups were
ompared by using 1-way analysis of variance with Bonfer-
oni adjustment. Global strain values from the acute echo-
ardiographic study and after 9 months were compared by
sing the paired Student t test.
For reproducibility, 10 patients were randomly selected,
nd strain in each segment was analyzed by 2 independent
bservers. Reproducibility was calculated by intraclass cor-
elation ( value). SPSS 13.0 for Windows was used for all
tatistical analyses (SPSS Inc., Chicago, Illinois). We con-
idered p  0.05 statistically significant.
esults
linical characteristics are shown in Table 1. Of the 30
atients, 2 used angiotensin II receptor blocking agents; one
sed a beta-blocker, whereas none used angiotensin-
onverting enzyme inhibitors. Nine months after discharge
rom hospital, 6 patients used an angiotensin II receptor
locking agent, 27 were on a beta-blocker, and 9 used an
ngiotensin-converting enzyme inhibitor. During follow-
p, none had recurrent angina, but 7 of the patients had a
ew PCI procedure of significant stenoses in nonculprit
Figure 1 Example of Strain Curves in Infarcted and Remote Are
Myocardial strain assessed in the acute phase compared with the myocardial scar
with systolic lengthening of the myocardium, followed by postsystolic shortening. A
diastolic lengthening is shown at right. Arrows indicate the peak negative strain vrteries, found during the acute PCI. SThe time to reperfusion was close to 5 h (284  138
in). Echocardiography was performed 87  57 min after
ngioplasty. Global strain was13.5 2.3%. A total of 354
egments (81%) had sufficient image quality for strain
nalysis. Left ventricular ejection fraction by echocardiog-
aphy was 42  9%, and WMSI was 1.6  0.3. In 6 of the
egments (1.3%), the wall motion abnormality was outside
he expected LAD distribution area. Global strain nine
onths after revascularization was 13.3  2.8% (p  NS
rom the acute measurement).
months later (middle panel). At left, dyskinesia is shown in the infarcted area
al strain curve from the noninfarcted remote area with systolic shortening and
MRI  magnetic resonance imaging.
linical Characteristics andiochemic l Markers (n  30)
Table 1 Clinical Characteristics andBiochemical Markers (n  30)
Parameters Results
Age (yrs) 54 8
Time of ischemia (min) 284 138
Infarct size by SSS (in % of left ventricle) 27 11
Ejection fraction (by echocardiography) (%) 42 9
Wall motion score index (by echocardiography) 1.6 0.3
Infarct size by MRI (in % of left ventricle) 16 9
Infarct size by MRI (in g) 29 19
Troponin I (g/l) 102 118
Myoglobin (g/l) 1,051 817
SGOT (U/l) 453 292
CK-MB mass (g/l) 273 105
alues are mean  SD.as
ring 9
norm
alues.CK-MB  creatine kinase isoenzyme myocardial band; MRI  magnetic resonance imaging;
GOT  serum glutamic oxaloacetic transaminase; SSS  Selvester QRS scoring system.
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Early Prediction of Infarct Size by Strain April 24, 2007:1715–21The infarct size by MRI was estimated to 29  19 g,
hich represents 16  9% of the left ventricle. Transmural
xtent was graded 51% to 100% in 39 segments, 1% to 50%
n 162 segments, and no delayed enhancement in 153
egments.
he relationship between myocardial strain and infarct
ize. Figure 1 demonstrates typical strain traces from a
atient with anterior wall infarction. Peak negative strain
as 4.5  4.3% in areas of complete transmural delayed
nhancement whereas normal systolic shortening (18.1 
.1%) was found in remote areas (p  0.00001). Peak
egative strain was measured during early diastole in 58% of
ll segments (104  27 ms after end-systole). This postsys-
olic shortening was observed in ischemic segments only.
he magnitude of postsystolic shortening was 53  37% of
otal systolic shortening. Figure 2 shows a clear inverse
elationship between the transmural extent of infarction in
ach segment and myocardial function assessed by strain
.5 h after acute myocardial infarction (p values in Fig. 2 are
onferroni adjusted for 3 comparisons). A gradual decrease
f myocardial deformation was found in segments with
reater extent of delayed enhancement. Segmental strain
8.2% had a specificity of 82% and a sensitivity of 78% to
etect transmural scar extent (50% infarct size).
A significant correlation was found between the segmen-
al strain value and the segmental infarct size by MRI (R 
.67, p  0.0001). An even better correlation was found
etween the global strain value in each patient and infarct
ize by MRI calculated as percentage of total volume (R 
.77, p  0.00001) (Fig. 3). Global strain 11.7% in
bsolute values had a specificity of 96% and a sensitivity of
8% to reveal an infarct size larger than 18% of total LV
olume (19). An averaged strain value from the infarct zone
orrelated well with the scar size when adjusted for the
umber of segments involved in each patient (R  0.81,
Figure 2 Transmural Extent of Infarction Measured by Strain
The transmural extent of delayed enhancement in myocardial
segment is inversely related to a decrease in absolute strain values. E
i 0.00001). Both LVEF and WMSI by echocardiogra-
hy exhibited significant correlations with infarct size by
RI (R  0.48, p  0.007 and R  0.45, p  0.015,
espectively).
Correlations between global strain and cardiac and clin-
cal markers are presented in Table 2. Table 3 shows a
ultivariate regression analysis with infarct size measured
y MRI as the dependent variable. Only global peak
egative strain and SGOT correlated significantly with the
nfarct size measured by MRI in this model. Global strain
y Doppler assessed at the time of the MRI study showed
significant correlation to the myocardial scar (R  0.72,
 0.0001).
eproducibility. The interobserver intraclass correlation
or global peak negative strain was 0.91 (p  0.0001). The
orresponding intraobserver correlation was 0.95 (p 
.0001).
iscussion
his study demonstrates that in patients with AMI mea-
urements of global peak negative Doppler strain measured
.5 h after revascularization therapy correlates well with
Figure 3 Correlation Between the
Global Peak Negative Strain and MRI
The correlation between the global peak negative strain value in each patient
and infarct size by magnetic resonance imaging (MRI) calculated as percentage
of total volume is shown.
orrelations Between Globaltrain Doppler and Cardiac Markers
Table 2 Correlations Between GlobalStrain Doppler and Cardiac Markers
Correlation Coefficient () p Value
LVEF 0.67 0.001
SGOT 0.53 0.003
CK-MB 0.43 0.018
Troponin I 0.42 0.020
ECG 0.41 0.026
WMSI 0.41 0.027
Time to reperfusion 0.25 0.205
Myoglobin 0.23 0.213CG  electrocardiography; LVEF  left ventricular ejection fraction; WMSI  wall motion score
ndex; other abbreviations as in Table 1.
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April 24, 2007:1715–21 Early Prediction of Infarct Size by Strainnal infarct size assessed by contrast enhanced MRI. We
ntroduce a novel strain index that combines strain from 16
V segments. This global strain was found to be a better
redictor of the total extent of myocardial infarction than
VEF. In addition to traditional echocardiography, global
train may thus add important information to early risk
tratification after reperfusion of AMI.
Infarct size is a major prognostic factor for cardiovascular
eath, reinfarction, congestive heart failure, and stroke
3,19). Early information regarding the extent of the myo-
ardial damage is therefore of major clinical importance.
VEF has traditionally been used to assess the degree of
yocardial damage and as a marker of early and late
omplications after myocardial infarction (20,21). In our
tudy, LVEF showed a poor correlation to the infarct size by
RI. One possible reason is that LVEF describes the
lobal LV function whereas the infarcted area and reduced
unction is regional. A decrease in LVEF supposes that
everal LV segments are involved. Methods that measure LV
egional function could therefore be more sensitive measures
han EF to identify systolic dysfunction. The assessment of
yocardial strain has been shown to be superior to wall
otion analyses in acute ischemia and is fundamentally a
egional technique (15,22). Different aspects of myocardial
unction are measured by the 2 techniques. Left ventricular
jection fraction primarily is a measurement of the radial
ontraction of the wall in addition to some longitudinal
ontraction reflected by the mitral plane movement. Global
train quantifies contraction only in the longitudinal direc-
ion. This longitudinal vector of the LV 3-dimensional
ontraction pattern is probably more sensitive to ischemia
ompared to radial contraction (23). Hence, we believe that
ur model with global strain could be a better indicator of
yocardial damage due to ischemia.
Furthermore, the exact limitations of the endocardial
orders are difficult to detect in patients with poor echocar-
iographic quality. Strain Doppler echocardiography there-
ore represents an important step forward in noninvasive
ultivariate Regression Analysis of Allarameters Versus Magnetic Res nance Imaging
Table 3 Multivariate Regression Analysis of AllParameters Versus Magnetic Resonance Imaging
Correlation Coefficient () p Value
Strain by echocardiography 0.51 0.0001
SGOT 0.479 0.001
Time to reperfusion 0.145 0.225
CK-MB 0.116 0.346
Myoglobin 0.126 0.253
WMSI 0.127 0.273
ECG 0.096 0.534
CAD 0.068 0.548
Troponin I 0.055 0.681
TIMI post PCI 0.042 0.831
LVEF 0.007 0.973
AD  extent of coronary artery disease; PCI  percutaneous coronary intervention; TIMI 
hrombolysis In Myocardial Infarction; other abbreviations as in Tables 1 and 2.ssessment of the degree of myocardial damage after acute iyocardial infarction and may become an improved marker
f prognosis.
We have previously shown that strain by echocardiogra-
hy is superior to tissue velocities by Doppler and wall
otion analyses to detect the ischemic area in the acute
schemic myocardium (15). In this study we used the peak
egative strain value, regardless of whether it appeared
uring systole or early diastole. This variable was used as a
implified measure for the sum of LV lengthening and
hortening and might reflect the contractile reserve. The
resent study expands the use of strain by Doppler as a
redictor of infarct size and demonstrates that strain is able
o distinguish between different degrees of the transmural
xtent of infarction when obtained during the acute period
f the infarction. This may add important information to
he risk stratification in each patient. Moreover, it is
ndependent of cardiac phase and easy to measure which
acilitates its clinical use.
Our study showed a significant correlation between in-
arct transmurality and strain in corresponding segments,
ut the relationship was not as good as between total infarct
ize and global strain. An important reason for this finding
s that the size and position of each myocardial segment by
RI and echocardiography is not identical. In addition, the
ffect of measurement variability of the two techniques is
educed by calculating total infarct size and global strain.
An important reason why the acute strain measurement
ould predict infarct size determined 9 months later was
hat global strain remained unchanged. After the acute
pisode when reperfusion has occurred, parts of the stunned
yocardium becomes necrotic and other parts recovers with
pposite effects on peak negative strain. One might specu-
ate that these 2 effects balance each other.
Several risk scores using demographic and electrocardio-
raphic variables have been developed from thrombolytic
rials, but their applicability after primary PCI setting is
ore or less unknown. Contrast-enhanced MRI is today
he best technique for assessing infarct size after AMI, and
he prognostic value of this technique after infarction is well
stablished (19). However, MRI is not commonly used as a
outine examination and its use is limited because of
conomical factors and availability.
It is well known that the true anatomic infarct size might
e overestimated by measurements of ejection fraction by
chocardiography (24). Previous studies have shown modest
orrelation between wall motion by echocardiography and
hallium-201 perfusion defects, creatine-kinase levels, he-
odynamic changes, coronary angiography, and patholog-
cal findings (20,25). These discrepancies are probably
xplained by the fact that these techniques measure different
spects of the infarction process.
All functional indices based on myocardial deformation
including direct visual assessment, wall thickening, and
train measurements) are load-dependent. This load or local
tress dependence is even more complex in the ischemic or
nfarcted part of LV, where the mechanical behavior of
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Early Prediction of Infarct Size by Strain April 24, 2007:1715–21nfarcted subendocardial myocardium is in large part dic-
ated by that of the preserved subepicardial layers (26,27).
imilarly, the function of preserved myocardium adjacent to
he infarct border is heavily dependent on the mechanical
ehavior of remote noninfarcted regions (28,29). These
actors may further have reduced the correlation between
chocardiographic and MRI results in our study.
CG as a marker of myocardial infarction. An ECG
emains the most commonly used noninvasive tool for
iagnosing and evaluating cardiac disease (6). The ECG
lassification system used in our study was designed to
lassify cardiac injury, infarct size, and LV function. Given
he strong association between myocardial damage and
eath, this and similar classification systems have been used
or predication of prognosis. In our study strain by Doppler
orrelated better with the total infarct size than the ECG
stimated by the Simplified Selvester score.
iochemical markers of myocardial infarction. Calcu-
ated peak activities of SGOT and creatine kinase-
yocardial band have been shown to strongly correlate with
he infarct size in patients with acute myocardial infarction.
eak troponin I has been found to correlate well with the
nfarct size by MRI in a recent study (30). Troponin and
GOT correlated equally well with the infarct size as strain
y Doppler did. However, in contrast to echocardiography,
iochemical markers do not have the same ability to
escribe the location of the infarct as echocardiography.
tudy limitations. The MRI examination was performed
everal months after the acute phase of infarction whereas all
ther parameters were obtained during the acute phase. The
bjective of this study was, however, to clarify whether an
arly echocardiographic study was able to predict the final
yocardial infarction size after remodeling as defined by
RI.
The superiority of the global strain value to LVEF in
redicting infarct size and, therefore, LV regional function
uggests that we may have obtained a better prognostic
arameter than LVEF. Left ventricular ejection fraction is a
lobal parameter, whereas the global strain actually is
alculated from regional measurements. It is therefore not
vident that this novel parameter is better than LVEF in
ssessing reduced myocardial function in diseases involving
he whole LV.
The results presented in this study are from patients with
nterior myocardial infarction after PCI treatment. Our
esults cannot be used in patients without reperfusion before
he changes in global strain from the acute to the chronic
hase have been explored. Follow-up angiography was not
erformed in our study. Even though none of the patients
eported recurrent angina at follow-up, a late occlusion or
rogression of coronary disease, might be a confounder in
ur study.
Optimal strain measurements are not always easy to
btain in all parts of the myocardium, and infarction in
ther sites than the anterior wall may therefore be more
ifficult to assess. However, most infarctions would haveeen visualized by the three imaging planes used in this
tudy.
onclusions
easurements of regional and global peak negative strain in
cute anterior infarction 1.5 h after reperfusion therapy can
redict final infarct size better than LVEF and correlate well
ith clinical indices of infarct size. It can be performed
hortly after PCI and may have important diagnostic and
herapeutic implications for the individual patient and lead
o improved noninvasive risk stratification.
eprint requests and correspondence: Dr. Thor Edvardsen,
epartment of Cardiology, Rikshospitalet University Hospital,
027 Oslo, Norway. E-mail: thor.edvardsen@klinmed.uio.no.
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